We propose a one-loop radiative Majorana-type neutrino-mass matrix without any kind of additional symmetries by introducing two leptoquark-like bosons only.
This paper is organized as follows. In Sec. II, we review the model and describe the constraints. In Sec. III, we analyze numerically the parameter space so as to solve the anomaly in b → sℓℓ, and calculate the cross sections for lepton-flavor violating production.
We conclude in Sec. IV.
II. MODEL SETUP AND CONSTRAINTS
The new field contents and their charges are shown in Table I , in which the color-triplet η is an SU(2) L doublet with 1/6 hypercharge, while the color-antitriplet ∆ is an SU(2) L triplet with 1/3 hypercharge. The relevant Lagrangian for the interactions of the η and ∆ with fermions and the Higgs field is given by where the subscript of the fields represents the electric charge, v ≈ 246 GeV, and w ± and z are, respectively, the Nambu-Goldstone bosons, which will then be absorbed by the longitudinal component of the W and Z bosons. Due to the µ term in Eq. (II.1), the charged components with 1/3 and 2/3 electric charges mix, such that their mixing matrices and mass 
Vacuum stability: Since we have charged components such as η 1/3,2/3 and δ 1/3,2/3,4/3 , we have to avoid their pure couplings from becoming negative by restricting the negative contribution at one-loop level due to the µ term to be smaller than the tree-level coupling.
Estimating the one-loop diagrams in Fig. 1 , these conditions are respectively given by
where m η/δ are the bare masses in the potential. Now we estimate the typical upper bound of µ, assuming m η/δ ≈ 1 TeV that comes from collider bounds as shall be seen later. Also, we restrict λ tree η/δ 4π. Under the framework, one obtains |µ| 6.4 TeV, which gives almost no constraint on the TeV scale model. Thus, we do not need to worry about the stability condition.
FIG. 2:
One-loop diagrams for generating the neutrino mass matrix.
A. Neutrino mixing
The dominant contribution to the active neutrino mass matrix m ν is given at one-loop level through interactions in Eq. (II.4) as illustrated in Fig. 2 , and its formula is given by
where N c = 3 is the color factor and we define
nalized by the Pontecorvo-Maki-Nakagawa-Sakata mixing matrix V MNS (PMNS) [13] as
, where we use the data in the global analysis [14] . Then one can parameterize as
where A is an arbitrary antisymmetric matrix with complex values. Finally, we derive the following relations [15] :
In the numerical analysis, we shall use the former relation for convenience.
B. LFVs and FCNCs at tree level
Leptoquark models often induce LFVs and FCNCs at tree level. Several processes can arise from the terms g and f and these processes can be estimated by the effective Hamil-tonian [16] as
(II.14)
Then one can rewrite the relevant coefficients as
where the experimental bounds on each coefficient are summarized in Tables II, III, and IV [16] .
Recently, CMS [17] and LHCb [18] µ − e conversion on Ti 
C. LFVs and FCNCs at the one-loop level
LFVs: ℓ a → ℓ b γ processes, which arise from Eqs. (II.5) and (II.6) via one-loop diagrams as shown in Fig. 3 , often give stringent experimental constraints, and the branching ratio is given by 
where m a(b) is the mass for the charged-lepton eigenstate, C a = (1, 1/5) for (a = µ, τ ). a L and a R are respectively given by
where we have assumed
The current experimental upper bounds are given by [20, 21] 
The muon anomalous magnetic moment (muon g − 2): It has been measured with a high precision, and its deviation from the SM prediction is of order 10 −9 . The formula for the muon g − 2 is given by
In our model, typical values are at most 10 −14 with mostly the negative sign. Although there may exist some positive sources, however, the negative sources are always larger than the positive ones when we impose all the bounds from LFVs and FCNCs.
Q − Q mixing: We also consider the constraint of the Q − Q mixing, where
The mixing is characterized by ∆m Q given by [22] b → sγ: It can arise from the same term in the LFVs, yet the constraint is always weaker than those of LFVs. Thus we do not further consider this process.
D. Oblique parameters
Since η and ∆ are multiplets under the SU(2) L gauge symmetry, we need to take into account the constraints from the oblique parameters S, T , and U. Here we focus on the new physics contributions to S and T parameters, ∆S and ∆T , which are defined by 
The list of new particle contributions is quite lengthy and so we summarize them in the The interactions of the η and ∆ are very similar to leptoquarks or squarks. The first signature that we consider is their effects on Drell-Yan production and also the lepton-flavor violating production processes such as e ± µ ∓ , µ ± τ ∓ , and e ± τ ∓ [24] .
Without loss of generality we take the mixing angles between η and ∆ to be small (indeed required by the S, T parameters), such that η 1/3,2/3 ≈ A 1,2 and δ 1/3,2/3 ≈ B 1,2 . We can write down the amplitude for
When |t| ≪ m 2 η we can identify this amplitude as a 4-fermion contact interaction and equate
where Λ LR , with L (R) chirality refers to the lepton (quark), is often the limit quoted for the 4-fermion contact interactions. Since only the limits Λ LL are quoted in PDG [23] , which was based on Ref.
[25], we use the limit of Λ LR obtained in Ref. [25] . The limit on Λ LR ≈ 11 − 16
TeV depending on the sign of the 4-fermion contact interaction. Let us simply take Λ LR = 16
TeV, and translate into the mass limit of m η as follows (with i = i ′ = 1 and j = j ′ = 1 or 2)
The effect of including thet orû in the leptoquark propagator has been explicitly worked out in Refs. [28, 29] . It was shown that the limits obtained with the proper leptoquark propagators are weakened by about 40% to a few % for leptoqark mass of 1 TeV to 3 TeV.
Nevertheless, the direct search limits of around 1 TeV are more restrictive then.
Note that the approximation 1/(t − m Similarly, we can write down the amplitudes for u We observe that the mass limit on δ is somewhat stronger than η, simply because of the chiralities of quarks and leptons that they induce.
On the other hand, the η and δ bosons can be directly pair produced by the strong interaction, followed by their decays into leptons and quarks. Therefore, the typical signature would be a pair of leptons and a pair of jets in the final states, of which the invariant mass of one jet and one lepton shows a clear peak. Note that the jets can be light or heavy flavors 
A list of more comprehensive collider and low energy constraints can be found in Ref. [31] .
III. b → slℓ ANOMALY AND PREDICTIONS
The more striking anomaly was the lepton-universality violation measured in the ratio
+0.090
−0.074 ± 0.036 by LHCb [8] , and the less one was the angular distributions of B → K * µµ [9] . The new-physics contributions to the effective Hamiltonian characterizing the decay processes are
Therefore, the relevant new-physics Wilson coefficients for the operators C ( ′ ) 9,10 are given by
where α em ≈ 1/137 is the fine-structure constant, and G F ≈ 1.17 × 10 −5 GeV −2 is the Fermi constant. In our analysis, we focus on the case of ℓ = ℓ ′ = µ and we write the µµ component simply as C 9 (C 10 ) and C ′ 9 (C ′ 10 ) in the following. In Table V [10], we summarize the best fit values of the Wilson coefficients for explaining the experimental anomalies where we focus on the cases of C 9 = −C 10 and C ′ 9 = −C ′ 10 since most of the allowed parameter sets provide either C 9 ≪ C ′ 9 or C 9 ≫ C ′ 9 as we show in our numerical analysis. Note that (C 9 )
µµ and (C ′ 9 ) µµ are roughly estimated as
Best fit 1σ 3σ where m LQ indicates the leptoquark mass. Therefore, the bi-product of the couplings are required to be ∼ O(10 −3 ) to obtain the best fit value for ∼1 TeV leptoquark mass.
A. Numerical analysis
We are now ready to search for the allowed parameter space, which satisfies all the constraints that we have discussed above, in particular those explaining the b → sµµ anomalies.
First of all, we fix some mass parameters as m A 2 = m A 1 and m B 2 = m δ = m B 1 where we require degenerate masses for the components of η and ∆ to suppress the oblique parameters ∆S and ∆T . We prepare 80 million random sampling points for the relevant input parameters with the following ranges:
After scanning, we find 709 parameter sets, which can fit neutrino oscillation data and satisfy all the constraints. Note that mixing angle α 1(2) is required to be small due to the constraints from ∆S and ∆T parameters.
In the left panel of Fig. 4 , we show the allowed region in m A 1 -m B 1 plane, which suggests the relation m A 1 m B 1 that is mainly required from the constraints of ∆S and ∆T . We also put a vertical line of m A 1 = 1 TeV onto the figure, because the collider limit on leptoquarks is roughly 1 TeV. In the right panel of Fig. 4 , we show the allowed region in C 9 -C 
B. Collider Predictions
The most striking signature of the model is the lepton-flavor violating production via the η or δ bosons in the t-channel, resulting in the final states of
The SM irreducible backgrounds to these final states are negligible. Since the δ boson is in general heavier than the η boson, we use the subprocess dd → ℓ i ℓ j via the exchange of the η boson to estimate the event rates. We give the signal event rates in Table VI, luminosity. Naively, the production cross section for ℓ i ℓ j is proportional to |f 1i f 1j | 2 . If we choose f 11 = 10 −1 instead of 10 −2 the event rate will increase by 100 times, although the number of parameter points for f 11 = 10 −1 is considerably less. Therefore, the event rates may be large enough for observation if the Yukawa couplings f 1j are of order O(10 −1 ).
As we have mentioned above, pair production cross sections for leptoquarks have been calculated with NLO accuracy [32] and the cross sections at 13 TeV LHC for 1 TeV η or δ bosons is of order O(10) fb. The final state consists of two leptons and two jets, among which the corresponding lepton and jet will form an invariant-mass peak. On the other hand, the η or δ bosons can also be singly produced with the subprocess gq → ηℓ [33] , followed by the decay of η into a lepton and a quark. The amplitude for the production involves a strong coupling and a Yukawa coupling (f ij for η but g ij for δ). Nevertheless, since the sizes of f ij and g ij are very small because of the small neutrino mass, the production cross section for single η or δ is very suppressed. We shall not further consider this production mechanism.
The one loop contributions from three-point gauge interaction are denoted by Π Contributions to Π 33 (q 2 ), Π 3Q (q 2 ) and Π QQ (q 2 )
The one loop contributions from three-point gauge interaction are denoted by Π XY 33,3Q,QQ (q 2 )
